The known toxicity of the Ag + ion and its identification as the primary cause of acute toxicity of aquatic organisms (Kennedy et al. 2010 ) makes identification of ion release potentially vital to understanding AgNP toxicity. Water chemistry parameters can also affect aggregation and dispersion, which results in changes to expected toxicity (Gao et al. 2009; McLaughlin and Bonzongo 2012) . One such water chemistry parameter that can modify nanosilver toxicity is the presence of DOC. Increased DOC decreases toxicity of AgNPs by stabilizing the particles in zooplankton (Ceriodaphnia dubia) (Kennedy et al. 2012 ) and in bacteria (Pseudomonas fluorescens) via complexion of Ag + ions (Hogstrand and Wood 1998) . When fathead minnows or juvenile rainbow trout were exposed to ionic silver in water with increased DOC levels, the 96-h lethal concentrations (LC50) values significantly increased in both species (Bury et al. 1999) , which indicates a reduction in toxicity. While these studies establish that DOC presence can mitigate silver toxicity, greater understanding is still needed when considering various fish species and AgNP sizes.
In order to accurately predict the toxicity of AgNPs, laboratory-based exposures must take into consideration the actual environmental conditions in which AgNPs can be found. During a data compilation conducted by the Nickel Producers Environmental Research Association (NiPERA), the Rhine River was found to have a DOC of 2.8 mg/L (NiPERA Inc. 2015) . Similarly, the United States Geological Survey determined that the Snake River in Yellowstone National Park, Wyoming contained a DOC of 0.9 to 4.5 mg/L, Panther Creek contained a DOC between 1.1 to 4.6 mg/L (Mebane 2008), and the Suwannee River contained a DOC between 2.3 and 45.7 mg/L (Gao et al. 2009 ). Based on natural occurrences in the environment as reflected by these four bodies of water, an environmentally relevant DOC range would be 0 -40 mg/L.
In this study, the authors aimed to improve estimates of aquatic toxicity of nanoparticles to fish by establishing median LC50 of citrate and PVP-AgNPs (nominally 20 nm) within increasing, but environmentally relevant, DOC concentrations of 1, 5, 10, 20, and 40 mg/L using a common freshwater model, larval zebrafish (Danio rerio). Then, the results were integrated into the Environmental Modifying Factors Tool in the NanoExPERT tool suite.
MATERIALS AND METHODS
Fish source. Zebrafish, AB line wild-type, were purchased from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). The fish were kept under the University of Mississippi Institutional Animal Care and Use Committee approved protocol. Keeping with the guidelines, the fish were raised in an Aquatic Habitats ZF0601 Zebrafish Stand-Alone System (Aquatic Habitats, Apopka, FL, USA) with pH 7.0-7.5 and salinity of 60 ppm in zebrafish water. Each habitat was kept between 25°C and 28°C with a 14:10 light-dark cycle. The zebrafish were fed live brine shrimp (Artemia sp.) and TetraMin® Tropical Flakes (TertraMin, Blacksburg, VA) twice daily. The sexually mature breeders selected had no signs of disease or deformities. Eggs were collected using a receptacle at the bottom of the habitat that allowed the eggs to fall into the egg reservoir, while preventing the zebrafish from interfering with the fertilized eggs (Fang et al. 2013) .
Moderately hard water. Moderately hard water (MHW) was made according to U.S. Environmental Protection Agency (EPA) guideline 821-R-02-013 by adding 1.20 g of MgSO4, 1.92 g NaHCO3, and 0.080 g KCl to 19 L of deionized water, and the solution was aerated overnight. CaSO4•2H2O (1.2 g) was added to a separate 1 L of deionized water, and the solution was mixed until the CaSO4 was dissolved completely. Once dissolved, the CaSO4 solution was added to the 19 L of MHW, stirred, and aerated continuously for 24 hours until well mixed and equilibrated.
Silver. AgNO3 was obtained from a commercial source (Sigma Aldrich, St. Louis, MO) and diluted to a working stock in nanopure water with a nominal concentration of 10 µg/mL. PVPAgNPs and citrate-AgNPs were obtained from Nano Composix (San Diego, CA, USA) at a concentration of 1 mg/mL and a nominal size of 20 nm. Concentrated stock suspensions were prepared by sonicating the sample mixture in a water bath for 5 minutes and inverting multiple times to mix. Concentrated stocks were diluted with nanopure water to obtain a working stock with a nominal concentration of 40 µg/mL. Field Flow Fractionation (PostNova F-1000 symmetrical flow Field Flow Fractionation, St. Lake City, UT) was used to verify particle size. The concentrations of silver used during the DOC exposures were confirmed with inductively coupled plasma mass spectrometry (ICP-MS), and the LC50 calculations were performed using measured silver concentrations that ICP-MS determined.
Dissolved organic carbon. The dissolved organic carbon, Suwannee River extract, was purchased from the International Humic Substances Society (IHSS, Atlanta, GA). A mass of 40 mg of Suwannee River extract was added to one liter of MHW and filtered through a 45 micron filter to remove the undissolved portion. The remaining mixture was then diluted to nominal concentrations of 1, 5, 10, 20, and 40 mg/L. The USDA National Sedimentation Laboratory (USDA-NSL, Oxford, MS) verified DOC concentrations. For each exposure, 20 larval zebrafish were exposed to each condition (i.e., 20 zebrafish were exposed to a DOC 40 mg/L at an AgNO3 concentration of 100 µg/L). After dosing the zebrafish, the 96 well plates were wrapped in aluminum foil in order to protect AgNPs from increased aggregation due to UV light (Cheng et al. 2011 ). The foil-wrapped plates were placed in an incubator at 26°C. At 96 hours post fertilization (a total of 48 hours of exposure), the plates were removed from the incubator, examined under an Olympus BX-40 microscope (Olympus Americas, Center Valley, PA), and the number of dead fish were determined by the absence of cardiac activity and recorded. The acquired data were entered into the EPA's LC50 calculation program (http://sdi.odu.edu/model/lc50.php). (Table 1 ) confirmed all aqueous silver concentrations. PVP-AgNP concentrations agreed closely with the nominal concentrations, while citrate-AgNP concentrations were lower than the expected nominal concentration. Actual DOC concentrations closely agreed with the expected nominal DOC concentrations (Table 2) . Hydrodynamic diameters of particles by dynamic light scattering were 28 ± 4 nm and 26 ± 3 nm for citrateAgNPs and PVP-AgNPs, respectively. All three silver treatments were the most toxic at 0 mg DOC/L, with LC50 values of 36, 448, and 826 µg/L for AgNO3, citrate-AgNPs, and PVP-AgNPs, respectively (Figure 1) . Toxicity decreased in all treatments as the DOC concentration increased. The lowest toxicity was measured at the highest DOC tested (40 mg DOC/L), with LC50 values of 106, 880, and 1670 µg/L for AgNO3, citrate-AgNPs, and PVP-AgNPs, respectively.
RESULTS: ICP-MS analysis
The mechanism of toxicity of the silver ion (Ag + ) to aquatic organisms was previously studied (Morgan et al. 1997) . The toxicity of AgNPs is thought to be derived from the dissociation of free silver ions from particles (Newton et al. 2013; Kennedy et al. 2010) . These free silver ions are produced as the equilibrium allows, which is determined, in part, by the water chemistry parameters of the aquatic environment. Therefore, there can be varying toxicities from AgNPs of the same size and/or water concentration when water chemistry parameters are changed. In embryo and larval fish, exposure to the Ag + ion and AgNPs has decreased swim bladder inflation, hatching and survival rates, and altered embryo activities (Powers et al. 2011; Powers et al. 2010) . Developmental abnormalities in the eyes and central nervous systems were observed in larval Japanese medaka (Oryzias latipes) (Kashiwada et al. 2012 ) and zebrafish (Yeo and Kang 2008) after exposure to AgNPs. Decreased hatching rate and survival were also common after AgNP exposure (Christen et al. 2013; Asharani et al. 2008; Powers et al. 2011) .
In this study, as expected, increasing concentrations of DOC reduced the lethality of AgNPs and Ag + as AgNO3. The results were consistent with previous findings, which showed reduced toxicity in the presence of DOC in Ceriodaphnia dubia (Kennedy et al. 2012; Kennedy et al. 2014) , Pseudokirchneriella subcapitata (McLaughlin and Bonzongo 2012), and Daphnia magna (Gao et al. 2012) . While DOC coats AgNPs, which increases stability due to steric hindrance (Kennedy et al. 2012; Fabrega et al. 2011) , the relationship of toxicity reduction of AgNPs and DOC is unclear. DOC coating could prevent dissolution or reduce toxicity by complexation of released ions (Erickson et al. 1998) .
Integration into NanoExPERT. The data presented in this report provides a relationship between AgNP toxicity and varying DOC concentration. While these data only provide a small picture of DOC and AgNP interaction, utilization of these data combined with the work of others can lead to better risk prediction and understanding of toxicity. In order to make connections with other data and understand the broader picture, data must be combined in an easy to utilize central database. The NanoExPERT tool suite (http://nanoexpert.usace.army.mil/; Figure 2 ) was developed to support risk assessment of nanomaterials. Data resulting from these exposures contributed to the Environmental Modifying Factors Tool, which helps explain the effects of changes in water chemistry parameters and toxicity in a range of organisms (Figure 3) . Further research is still needed to predict AgNP interactions with variations in other water chemistry parameters (e.g., varying pH and hardness), as actual aquatic ecosystems create a more complex scheme by which toxicity changes with multiple interactions occurring simultaneously.
SUMMARY:
The objective of this investigation was to determine mortality of larval zebrafish after exposure to AgNO3, citrate-AgNPs, or PVP-AgNPs in varying concentrations of DOC. The results showed that increasing DOC decreased the toxicity of all silver formulations with LC50s increasing from 36 to 106 µg/L in AgNO3, 448 to 880 µg/L in citrate-AgNPs, and 826 to 1670 µg/L in PVP-AgNPs when DOC was increased from 0 to 40 mg/L. The highest reduction in LC50, up to 2.9 fold, was detected in the AgNO3 treatments. These data were then integrated with other studies in the Environmental Modifying Factors Tool within the NanoExPERT tool suite to contribute to better environmental risk assessment of AgNPs in complex environmental matrices.
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